We have performed Monte Carlo simulations to study the behavior of a single nanoparticle and a single homopolymer chain in ordered structures of diblock copolymers. Our results show that the microphase-separated copolymers can be used to position nanoparticles or homopolymers according to their interactions with the two blocks. This is consistent with recent experimental observations. We also observe that, while short neutral homopolymers segregate at the A-B interfaces, longer neutral homopolymers exhibit an apparent preference for the cylinders over the matrix, mainly due to geometrical considerations associated with the curvature of A-B interfaces.
I. INTRODUCTION
Due to their ability to microphase-separate into ordered structures on the length scale of tens of nanometers, block copolymers are receiving increased attention for potential applications in nanofabrication. 1 For example, ordered copolymer structures can be used as templates to guide the spatial arrangement of nanoparticles 2 to manufacture selective membranes, next-generation catalysts, photonic crystals, etc. 3 For these materials, a desirable morphology is attained by controlling the copolymer composition, the volume fraction of the particles, the interaction between the particles and the blocks, etc.
To the best of our knowledge, only a few theoretical studies have been reported on nanoparticle/copolymer systems. Sevink et al. used a dynamic mean-field density functional theory to study the phase separation of symmetric diblock copolymers in the presence of immobile filler particles. 4 Ginzburg et al. developed a hybrid mesoscopic model that combines cell dynamic simulations for the copolymers with Langevin dynamics for the particles to study the phase separation of nanoparticle/symmetric diblock copolymer systems. 5, 6 In these numerical calculations, molecular details about chain conformation were lost due to the mesoscopic nature of the models. Huh et al. used lattice Monte Carlo simulations and the strong-stretching theory to study the phase behavior of cubic nanoparticle/diblock copolymer systems. 7 Thompson et al. combined a selfconsistent mean-field theory for the copolymers with a density functional theory for the particles, and performed 2D calculations to explore the phase behavior of spherical nanoparticle/diblock copolymer systems. [8] [9] [10] Although their work did not assume a priori knowledge of the system's morphology, the two-dimensional aspects of the work limits the applicability of its predictions.
In this work, we report lattice Monte Carlo simulations for systems of a single nanoparticle in lamellae of symmetric diblock copolymers. For the microphase-separated block copolymers, the addition of nanoparticles can change the characteristic dimensions, or even the morphology, of the ordered copolymer structures. This can be problematic in constantvolume simulations, where it is difficult to avoid the influence of the periodic boundary conditions on the ordered structures. 11, 12 In contrast to previous work, this issue is minimized in our single-particle simulations. Although the problem at hand is also simplified because the particleparticle interactions are not considered, our simulations are still able to provide useful insights into the systems of interest.
We also report lattice Monte Carlo simulations for systems of a single homopolymer chain in cylinders of asymmetric diblock copolymers. Although Monte Carlo simulations on the blends of block copolymers with homopolymers have been reported in the literature, 13 they have mainly focused on the behavior of copolymers at homopolymer interfaces and on the phase behavior of the system; singlehomopolymer simulations have not been reported before. Our work is motivated by recent experiments of Jeong et al., where poly͑methylmethacrylate͒ ͑denoted by PMMA͒ homopolymers were added into asymmetric diblock copolymers polystyrene-b-PMMA ͑where PMMA blocks form cylinders of about 22 nm in diameter͒, and pores of about 6 nm in diameter were obtained after removing the homopolymers.
14 This size scale is generally beyond the bounds available to block copolymers alone, and extends the potential applications of block copolymer systems. As shown later, our results are consistent with experimental observations.
II. MODEL
Our Monte Carlo simulations are performed in an expanded grand-canonical ensemble in the framework of a cubic lattice. Detailed descriptions of our model can be found in Refs. 11, 12, and 15. Simulation boxes of size L x ϫL y ϫL z are employed, and periodic boundary conditions are applied in all three directions. We only consider repulsions between nonbonded nearest-neighbor A-B pairs separated by one lattice unit (⑀ A-B Ͼ0), and set ⑀ A-A ϭ⑀ B-B ϭ0. Any interactions involving vacancies ͑unoccupied lattice sites͒ are also set to zero.
A. Single nanoparticle in lamellae of symmetric diblock copolymers
In this case, cubic boxes of size 28 3 or 42 3 are employed. The symmetric diblock copolymers have a chain length of 24. The reduced temperature is set to T* ϵk B T/⑀ A-B ϭ1.2 ͑where k B is Boltzmann's constant and T is the absolute temperature͒, and the reduced chemical potential to *ϵ/(k B T)ϭ43.4 ͑where is the chemical potential of the copolymer chain͒. Under these conditions, the symmetric diblock copolymers form lamellar structures of period Lϭ14 along one axis of the box ͑denoted by z), and the copolymer segmental density ͑fraction of lattice sites occupied by copolymer segments͒ C fluctuates around 0.8 during the simulation. 15 A single particle ͑denoted by P͒ is fixed at the center of the box. Two different shapes of the particle are considered: a cubic particle consisting of l 3 lattice sites, and a spherical particle consisting of all the lattice sites whose distance from the center of the box is smaller than or equal to d/2. Because of the lattice structure, the latter is actually a quasispherical particle. The lattice sites occupied by the particle cannot be occupied by copolymer segments. We set ⑀ A-P ϭ0 and ⑀ B-P у0, and define ␣ P ϵ⑀ B-P /⑀ A-B . Therefore, ␣ P ϭ0 corresponds to a neutral particle, and ␣ P ϭ2 corresponds to an A-like particle.
Metropolis-like acceptance criteria are used in these simulations. One Monte Carlo step ͑MCS͒ consists of 0.8 ϫL x ϫL y ϫL z trials of reptation, local, and growing/ shrinking moves of copolymer chains, each of which occurs with the same probability. After equilibration, simulations are run for at least 1ϫ10 6 MCS and data are collected every 10 MCS.
B. Single homopolymer chain in cylinders of asymmetric diblock copolymers
In this case, a rectangular box of size 54ϫ52ϫ60 is employed. The asymmetric diblock copolymers have a chain length of 36 and a composition ͑the volume fraction of the A blocks in the copolymers͒ of 1/4. The temperature and density are set to T*ϭ1.5 and C ϭ0.693. Under these conditions, the asymmetric diblock copolymers form hexagonally packed cylinders of the A blocks in the matrix of the B blocks. These cylinders are oriented along the z direction, with an intercylinder distance of 17.3 along the y direction. 12, 16 A single homopolymer chain, denoted by H, of varying chain length N is introduced into the ordered cylindrical structures via expanded grand-canonical Monte Carlo moves. 11 In each of these growing/shrinking moves, two segments are appended to or removed from each end of the homopolymer chain. Configurational bias is used to facilitate these moves. 11 In addition, local ͑kink-jump and crankshaft͒ moves and reptation moves are employed for both the copolymers and the homopolymer to change their chain configuration. We set ⑀ H-H ϭ0, ⑀ A-H у0, ⑀ B-H у0, ⑀ A-H ⑀ B-H ϭ0, and define ␣ H ϵ(⑀ B-H Ϫ⑀ A-H )/⑀ A-B . Therefore, ␣ H ϭ0 corresponds to a neutral homopolymer ͑denoted by H N ), ␣ H ϭ1 corresponds to an A-like homopolymer ͑denoted by H A ), and ␣ H ϭϪ2 corresponds to a B-like homopolymer ͑denoted by H Bϩ ). Metropolis-like acceptance criteria are used in these simulations. One MCS consists of 0.7ϫL x ϫL y ϫL z trials of reptation, local, and growing/shrinking moves, occurring with probability 0.45, 0.45, and 0.1, respectively. The copolymers and the homopolymer are chosen with the same probability ͑0.5͒ for reptation and local trial moves, while the growing/shrinking trial moves are only employed for the homopolymer. The configuration of the single homopolymer chain is therefore changed much more frequently than that of the copolymers. We start from a well-equilibrated system configuration of the copolymers, and simulations are run for 1ϫ10 6 MCS while data are collected every 1 MCS.
III. RESULTS AND DISCUSSION

A. Single nanoparticle in lamellae of symmetric diblock copolymers
In order to employ ordered structures of block copolymers to position nanoparticles, the particle size has to be comparable to or smaller than the domain size of the copolymers (L/2 in the case of our lamellae͒. Two different particle sizes are considered in this work: ''small'' particles of lϭ6 or dϭ6 ͑where the box size of 28 3 is used͒, and ''large'' particles of lϭ10 or dϭ12.4 ͑where the box size of 42 3 is used͒. In the latter case, the spherical particle has about the same volume as the cubic one.
The left section of Fig. 1 shows the position of the four lamellar interfaces in the z direction during the simulation for the case of ''small'' particles. The interfacial positions in each collected system configuration are defined by A (z) Ϫ B (z)ϭ0, where A (z), for example, is the fraction of lattice sites occupied by A segments in the x -y plane at a given z. Periodic boundary conditions are used when calculating the interfacial positions. Each solid horizontal line ͑in black͒ represents the average position of the corresponding interface after the system is equilibrated. The two dashed lines mark the position of the particle in the z direction. The right section of Fig. 1 shows one quarter of the final system configuration (1рxрL x /2 and 1рyрL y /2), where the A segments are shown as pink, the B segments are blue, and the particle is located at the corners closest to the reader. Figure 1͑a͒ shows that, as expected, the A-like spherical particle is preferentially located in an A-rich domain, although at the beginning of the simulation it is positioned at an A-B interface. A similar result is observed for the A-like cubic particle of lϭ6.
From Fig. 1͑b͒ it is seen that, during the simulation, the neutral cubic particle moves ͑relative to the lamellae͒ from a B-rich domain to an A-B interface and then fluctuates around the interface. A similar result is observed for the neu-tral spherical particle of dϭ6. This clearly shows that ''small'' neutral particles are preferentially located at the A-B interfaces of the lamellae. Consistent with the segregation of neutral good solvent molecules at A-B interfaces, 11, 15, 17 this screens the repulsion between A and B segments, and therefore decreases the energy of the system. One thing to note in Fig. 1 is that, although the particle size is close to L/2, the lamellar structure is not visibly disturbed. We therefore expect that smaller particles would exhibit the same behavior. This is also true for ''large'' neutral particles, as shown in Fig. 2͑a͒ for the case of a spherical particle.
In contrast, Fig. 2͑b͒ shows that the ''large'' A-like cubic particle does disturb the lamellar structure; the A segments surround the particle due to energetic interactions, and perforate the middle B-rich layer. The center of an A-like particle is not always located in a B-rich layer ͓as shown in Fig.  2͑b͔͒ . In the case of the ''large'' A-like spherical particle, the center of the particle is located in an A-rich layer during our simulation, and the two adjacent B-rich layers are disturbed by the A segments surrounding the particle. As discussed below, we attribute this difference to the large box size used in these simulations ͑and not the different particle shapes͒.
As pointed out in our previous work, bulk lamellae ͑without the particle͒ also move during the course of a simulation run, due to the translational invariance of the system. 15 Because the lamellar interfaces move cooperatively ͑as shown in Figs. 1 and 2͒ , the motion of lamellae becomes smaller for larger simulation boxes. Since the particle is fixed in this work, in order to distinguish the motion of lamellae caused by the preferential location of the particle from that caused by the translational invariance, we compare the second moment of the lamellar interfacial position about its average position ͑after equilibration, denoted by ␦͒ with and without the particle; the results are shown in Table I . We see that, in the case of box size of 28 3 , ␦ is largely reduced by the particle, i.e., the lamellae are ''anchored'' by the preferential location of the ''small'' particle. In the case of box size of 42 3 , however, the values of ␦ with and without the ''large'' particle are comparable; our simulations are therefore unable to reveal the preferential location of the ''large'' particles.
B. Single homopolymer chain in cylindrical structures of asymmetric diblock copolymers
In our simulations, we consider homopolymer chain lengths in the range 0рNр120. We choose the reduced chemical potential of the homopolymer H *ϵ H /(k B T), where H is the chemical potential of the homopolymer chain of Nϭ120, such that homopolymers of length 4рN р120 are sampled nearly evenly. The results are shown in 3 ): ͑a͒ An A-like spherical particle of dϭ6; ͑b͒ A neutral cubic particle of lϭ6. On the left shows the position of the four lamellar interfaces in the z direction during the simulation, where each solid horizontal line ͑in black͒ represents the average position of the corresponding interface after the system is equilibrated, and the two dashed lines mark the position of the particle in the z direction. On the right shows one quarter of the final system configuration (1рxрL x /2 and 1рy рL y /2), where the A segments are shown as pink, the B segments are blue, and the particle is located at the corners closest to the reader. lected samples, and then over the six unit cells contained in the simulation box. Similar to the aforementioned motion of bulk lamellae, the cylinders also move in the x -y plane during the course of a simulation run, due to the periodic boundary conditions. Therefore, when averaging over collected samples, we deduct this motion in a similar way to that used in previous work, 15 i.e., the 2D order parameter profiles are aligned according to the average ͑over the 12 cylinders contained in the box͒ displacement of the cylinder's center-ofmass in the x -y plane. 18 The rest of Fig. 4 except that the average is taken only over collected samples having a homopolymer of length N, and the motion of cylinders is deducted as explained above. Figure 4 shows that H A is strongly localized at the center of the cylinders due to its energetic interactions; this is consistent with experimental observations. 14 We also see that this localization becomes stronger as N increases.
Similarly, the B-like homopolymers H Bϩ are localized in the matrix, as shown in Fig. 5 . Since the volume of the matrix is about as three times as that of cylinders, the maximum value of D(x,y;N) for H Bϩ is much smaller than that for H A .
FIG. 2. ͑Color͒
The results for a ''large'' particle ͑in a simulation box of 42
3 ): ͑a͒ A neutral spherical particle of dϭ12.4; ͑b͒ An A-like cubic particle of lϭ10. Refer to Fig. 1 The results for neutral homopolymers H N , shown in Fig.  6 , reveal a number of interesting features. For short chain lengths, H N exhibits the same behavior as neutral good solvent molecules ͑which correspond to Nϭ1), i.e., it segregates at A-B interfaces to screen the repulsion between A and B segments. For longer chain lengths, however, H N exhibits an apparent preference for the cylinders over the matrix. That is, at the same radial distance away from an A-B interface ͑denoted by r 0 ), D(x,y;N) in the cylinder is larger than that in the matrix. This can be explained on the basis of geometrical considerations. Consider an A-cylinder and its surrounding B-matrix; the neutral homopolymer segments do not have an energetic preference for the A or B domain. However, the ͑differential͒ volume at a distance r from the center of the cylinder is proportional to r; this leads to a higher density of homopolymer segments in the cylinder than that in the matrix ͑at the same r 0 ). Accordingly, for a lamellar morphology, this preference of the neutral homopolymers for one domain over the other disappears; in contrast, for a spherical morphology we anticipate an even stronger preference for the spheres over the matrix, because the ͑differential͒ volume at a distance r from the center of a sphere is proportional to r 2 . The chain conformation of the long neutral homopoly- becomes larger for longer chains. The single homopolymer chain is therefore elongated along the z direction. This elongation is most pronounced for long chains of H A , whose conformation resembles more a rod than a Gaussian coil. The difference between the z and the other two directions is caused by the orientation of the cylinders.
We also calculate the single chain structure factor of the homopolymer,
where jϭͱϪ1; q is the wave vector; r k , for example, is the lattice position of the kth segment of the homopolymer; and ͗ ͘ N here denotes an average over collected samples having a homopolymer of length N. Figure 8 shows S i (q)/N (i ϭxy,z), where S xy (q), for example, is obtained by averaging S(q) over vectors q that are limited in the x -y plane and have a length of q; S i (q) is determined in the range 2/max͕L x ,L y ,L z ͖рqр2. Lattice features become apparent in Fig. 8 for qտ2 (ln qտ0.7) . The conformation of the single homopolymer chain can also be characterized using the scaling exponent , defined by S i (q)ϰq Ϫ1/ ; ϭ0.5 corresponds to the chain conforma- tion in a solvent, Ͻ0.5 corresponds to a compressed conformation in a poor solvent, and Ͼ0.5 corresponds to an extended conformation in a good solvent. Figure 9 shows the value of for the longest homopolymer chain of Nϭ120, obtained from Fig. 8. For qр0.45 (ln qрϪ0.8) , monotonically decreases as q increases in all cases. It is interesting to see that, for the A-like homopolymer H A , S z (q) exhibits two regimes ͑at q around 0.5 and 1.5͒ with different values of , while S xy (q) hardly exhibits a regime of constant . All other curves in Fig. 9 exhibit one regime with an almost constant , which compares favorably with the corresponding slope of the linear fit for ln R g,i 2 ϳ ln N shown in Fig. 7 . Note that, for the H A , the slope of ln R g,z 2 ϳ ln N is close to the average value of 2 in the two different regimes, while the ln R g,xy 2 ϳ ln N data cannot be well-fitted by a linear function.
IV. CONCLUSIONS
We have performed Monte Carlo simulations to study the behavior of a single nanoparticle in lamellae of symmetric diblock copolymers. The particle is fixed at the center of the simulation box, and the lamellae move during our simulations performed in an expanded grand-canonical ensemble. We find that ''small'' particles ͑with their size smaller than half the lamellar period L) can be located in the preferred lamellar domain according to their interactions with the blocks ͑at the A-B interfaces if they are neutral͒, and the lamellar structure is not disturbed by the particle. In contrast, ''large'' particles ͑with their size larger than L/2) disturb the lamellar structure if they are not neutral, due to the surrounding of the preferred segments around the particle. For the particle sizes considered here, the shape of the particle ͑cubic or spherical͒ does not have a significant influence on its behavior.
We have also reported Monte Carlo simulations of a single homopolymer chain in cylinders of asymmetric diblock copolymers. The chain length of the homopolymer is varied using expanded grand-canonical ͑growing/shrinking͒ moves. We find that homopolymers preferring the shorter blocks are highly localized in the cylinders, consistent with recent experimental observations. 14 We also find that this localization becomes stronger for longer chains. While short neutral homopolymers segregate at the A-B interfaces to screen the repulsion between A and B segments, longer neutral homopolymers exhibit an apparent preference for the cylinders over the matrix, mainly due to geometrical considerations associated with the curvature of A-B interfaces. 
